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SUMMARY 

Techniques  for  measurements  of  selected  pulmonary  functions  in 
conscious  and  anesthetized  rhesus  macaques  (Macaca  mulatta)  are  described, 
and  normal  base-line  values  are  presented  during  periods  of  respiration 
using  pure  0^  or  room  air.  Tidal  volume,  respiratory  rate,  minute  volume, 
(>2  consumption,  and  specific  ventilation  were  determined  hourly  for  a 
period  of  5 hours  in  conscious. monkeys.  Additional  variables  including 
dynamic  pulmonary  compliance,  pulmonary  resistance,  specific  compliance, 
intraesophageal  pressure,  transpulmonary  pressure,  inspiratory  air  flow, 
expiratory  air  flow,  physiological  dead  space,  CO 2 output,  respiratory 
quotient  and  functional  residual  capacity,  as  well  as  arterial  blood  pH, 
Pg2,  PC02»  HC03  and  total  CO 2 were  measured  in  anesthetized  macaques. 
Further,  comparisons  of  values  for  certain  pulmonary  functions  were 
made  between  this  and  other  studies. 

KEY  WORD  INDEX — Macaca  mulatta,  pulmonary  functions,  blood  gas  tension, 
base-line  values,  anesthesia. 
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INTRODUCTION 


Since  nonhuman  primates  are  phylogenetically  related  to  man, 
rhesus  and  cynomolgus  monkeys  are  commonly  used  as  respiratory  models 

* * * ’ for  studying  metabolism,  inhalation  toxicity, 
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allergic  states,  ’ asthma,  cigarette  smoke,  and  X-irradiation. 

Although  base-line  values  of  pulmonary  functions  in  both  conscious  and 

anesthetized  monkeys  have  been  reported  by  several  investigators, ^ 

12,14,15  t^e  (jata  have  been  incomplete  with  respect  to  certain  pulmonary 

functions  or  the  functions  were  depressed  markedly  by  anesthesia. 

Further,  data  variablility  as  a function  of  duration  of  study  was  not  given. 

The  objectives  of  this  study  were:  (1)  to  develop  techniques  for  studying 

selected  multiple  pulmonary  functions  in  conscious  and  anesthetized  rhesus 

monkeys,  (2)  to  establish  an  anesthetized  monkey  model  with  minimal 

depression  of  pulmonary  function,  (3)  to  develop  base-line  values  for  major 

pulmonary  functions  in  anesthetized  monkeys  and  compare  them  with  data 

obtained  by  other  investigators,  (4)  to  demonstrate  the  variability  of 

pulmonary  data  hourly  for  a period  of  5 hours,  and  (5)  to  determine  if 

certain  respiratory  functions  are  altered  by  breathing  pure  in  comparison 

to  room  air. 
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Materials  and  Methods 

Conscious  Model  Four  male  rhesus  monkeys  weighing  approximately  3.5 

kg  were  restrained  in  primate  chairs.  Before  chairing,  each  monkey  was 

sedated  with  ketamine  HC1  (5  mg/kg  intramuscularly,  im)  and  the  neck 

hair  was  closely  shaved.  After  the  monkey  was  completely  recovered  from 

effects  of  ketamine,  a head  cover  (Fig  1)  was  placed  on  the  top  of  the 

chair  and  the  central  openings  of  the  soft  rubber  membranes  were  fitted 

properly  around  the  monkey's  neck.  A thin  layer  of  silicone  stopcock 

grease  was  applied  to  the  skin  of  the  neck  to  prevent  air  leakage  from 

the  system.  The  inlet  and  outlet  processes  of  the  head  cover  were 

connected  to  a 9-liter  spirometer  (residual  volume  apparatus)  that  had 

been  filled  with  pure  C>2  for  continuous  breathing.  After  the  monkey  was 

adapted  to  the  chair,  head  cover,  and  breathing  for  2 hours,  tidal 

volume,  respiratory  rate,  and  consumption  were  determined  hourly  for 

a period  of  5 hours.  At  each  hour,  a 10-15-minute  record  was  obtained. 

Minute  volume  (rate  x tidal  volume)  and  specific  ventilation  (minute 

volume/02  consumption)  were  calculated,  and  certain  values  were  also 

18 

expressed  in  terms  of  body  surface  area. 

Anesthetized  Model  A femoral  artery  and  vein  were  cannulated  under 
halothane  [with  O2  (2%)  and  maintained  at  1. 5-1.0%]  anesthesia  1 day 
before  measuring  pulmonary  functions.  During  an  experiment,  the 
monkey  was  anesthetized  again  with  ketamine  (15  mg/kg,  im)  and  a light 
surgical  level  of  anesthesia  was  maintained  by  constant  infusion  of 
Na  pentobarbital  into  the  femoral  vein.  The  concentration  of 
pentobarbital  was  (1  mg/cc)  and  the  dose  rate  was  0.25  mg/minute.  The 
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palpebral  reflex  was  used  as  an  Index  to  determine  whether  pentobarbital 

Infusion  should  be  continued  or  discontinued  temporarily. 

The  anesthetized  monkey  was  studied  while  resting  in  a supine 

position.  Experiments  began  2 hours  after  completion  of  endctracheal 

and  intraesophageal  intubation.  The  esophageal  tube*3  (i.d.  = 6.0  mm, 

o.d.  = 8.5  mm,  length  = 37.0  cm)  was  connected  to  a Statham  pressure 
c 

transducer,  and  intraesophageal  pressure  was  recorded  on  a Brush 

recorder  (Fig  2).  The  intraesophageal  pressure  was  considered  as  an 

19 

estimation  of  intrapleural  pressure. 

The  endotracheal  tube  was  connected  sequentially  to  one  of  the 

following  devices,  while  the  monkey  was  breathing  room  air:  (1) 

pneumotachograph  (size  000),  (2)  1-way  valve  or  (3)  2-way  valve.  Tidal 

volume  obtained  by  electrically  integrating  the  signal  from  the 

e 

pneumotachograph  and  differential  pressure  transducer,  registering  on 
a Brush  recorder.  The  information  on  tidal  volume  and  intraesophageal 
pressure  was  sent  to  a digital  signal  analyzer^  and  stored  on  magnetic 
tape.®  Transpneumotachographic  pressure  was  calculated  from  the  air  flow 
rate  during  inspiration  with  known  pressure  calibration.  The  difference 
between  measured  intraesophageal  pressure  and  calculated 
transpneumotachographic  pressure  was  defined  as  transpulmonary  pressure. 

The  1-way  valve  was  used  to  separate  inspired  and  expired  air, 
which  flowed  continuously  (50  ml/minute)  into  a analyzer*1  for  CO^ 
concentration  (volume  %)  determination.  The  2-way  valve  was  connected 
to  a 9-liter  spirometer  containing  100%  0^  for  tidal  volume,  respiratory 
rate,  and  O^-consumption  determination.  Using  the  same  2-way  valve  and 
spirometer,  functional  residual  capacity  (FRC)  was  measured  by  the 
helium  dilution  technique. 
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Dynamic  pulmonary  compliance  and  resistance  were  calculated  by 
the  method  described  by  Giles  et  al*^  except  that  the  present  data 
were  calculated  manually.  Magnetically  recorded  tidal  volume  and 
intraesophageal  pressure  were  redisplayed  on  a digital  signal  averager 
and  the  magnitude  and  time  for  determinations  of  isovolumetric  points 
were  accurately  measured.  Equations  in  Table  1 were  used  to  calculate 

various  pulmonary  functions,  and  certain  variables  were  also  expressed  in 

2 18 
terms  of  m of  body  surface  area. 

Two  1-ml  blood  samples  were  taken  from  the  femoral  artery,  when 
the  monkey  was  breathing  pure  0^  or  room  air.  Arterial  blood  pH,  P()2» 
total  CO 2,  HCO^  and  base  excess  were  determined  in  a blood  gas  analyzer.* 
Blood  gases  and  pH  values,  as  well  as  certain  pulmonary  variables  were 
compared  between  breathing  0^  and  room  air. 

Statistics . An  independent  t test  was  used  to  compare  corresponding 
pulmonary  function  measurements  in  conscious  and  anesthetized  monkeys. 

When  comparisons  were  made  hourly  in  the  same  monkey  during  the  5-hour 
experiment,  a paired  t test  was  used.  Data  obtained  by  other 
investigators  were  presented  as  mean,  standard  deviation, 

range,  or  95%  confidence  limit  (1.96  x standard  error  of  the  mean). 
Comparisons  between  the  present  and  others'  data  on  pulmonary  functions 
in  the  anesthetized  rhesus  monkeys  were  based  upon  whether  the  present 
data  mean  values  fell  within  or  outside  the  range  of  95%  confidence  limits 
of  the  data  of  other  investigators. 

* 

Results 

Normal  values  for  various  pulmonary  functions,  including  lung  volumes, 
ventilation,  and  breathing  mechanics  of  anesthetized  rhesus  monkeys  breathing. 
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room  air,  are  summarized  in  Table  2.  During  a 5-hour  period,  all 
measured  values  varied  slightly,  except  for  respiratory  rate,  which  was 
significantly  depressed  between  3 and  4 hours.  Physiological  dead  space 
fluctuated  and  dynamic  pulmonary  resistance  increased  gradually  as  a 
function  of  time;  however,  these  changes  were  not  significant. 

Selected  pulmonary  functions  were  compared  between  conscious  and 
anesthetized  monkeys  during  a period  of  5 hours  (Table  3).  Among  all 
measured  parameters,  there  were  no  significant  differences  between  the 
2 groups  of  monkeys  studied. 

Values  for  respiratory  quotient  (RQ)  are  presented  in  Table  4. 
Similarities  of  expired  CC^  concentration,  CC>2  output,  arterial  blood 
pH,  Pco2>  total  C02  anc*  base  excess  between  breathing  pure  02  and  room 
air  are  tabulated  in  Tables  4 and  5.  Blood  Pc^.  was  much  higher  in 
monkeys  breathing  pure  than  room  air  (Table  5).  Values  of  RQ,  blood 
pH,  and  gas  tensions  were  maintained  in  a relatively  constant  state 
throughout  a 5-hour  period. 

Data  on  various  pulmonary  functions,  02  consumption,  and  RQ  in 

anesthetized  rhesus  monkeys  from  this  and  other  studies  are  summarized 

in  Tables  6 and  7.  In  general,  results  from  the  present  study  agree 

well  with  the  findings  of  others,  except  that  higher  values  for 

23 

consumption  (compared  to  Rakieten  ) were  demonstrated.  The  present 

work  also  showed  higher  values  for  tidal  volume,  respiratory  rate,  and 

14 

minute  volume  as  compared  to  reported  data  of  Kelly  et  al.  Further, 

the  measured  tidal  volumes  of  this  study  were  higher  than  values 

8 11 

obtained  by  Crosfill  and  Widdicombe  and  Guyton. 


Discussion 


Although  pulmonary  depression  is  commonly  seen  in  man  and  animals 


under  anesthesia,  respiratory  functions  of  anesthetized  monkeys  in  this 


study  were  not  modified  significantly  compared  to  data  obtained  from 


conscious  monkeys.  However,  the  anesthetized  monkey  showed  a trend 


toward  an  increased  dynamic  pulmonary  resistance  as  a function  of  time 


Since  few  respiratory  measurements  can  be  carried  out  in  a conscious 


monkey,  the  lightly  anesthetized  monkey  seems  to  be  acceptable  for 


establishing  normal  values  for  pulmonary  functions,  0-  consumption 


C0_  output  and  RQ 


Major  advantages  for  using  the  lightly  anesthetized  monkey  include 


(1)  a great  variety  of  pulmonary  functions  can  be  measured;  (2)  results 


are  not  influenced  by  the  monkey's  emotions  and  its  associated  muscular 


activities;  (3)  monkeys  recover  completely  after  these  measurements  of 


pulmonary  function;  and  (4)  monkeys  may  be  used  for  short-term 


experiments  for  evaluation  of  drugs  or  toxin.  When  conscious  chaired 


monkeys  are  used,  the  head  cover  provides  minimum  disturbances  or 


stimulation  to  the  monkey  as  compared  to  the  use  of  a face  mask.  Further 


the  closed  head  cover  is  suitable  for  continuous  application  of  0«,  aerosol 


or  positive-pressure  breathing  for  the  treatment  of  pulmonary  edema 


Normal  values  for  arterial  blood  gases  and  pH  in  conscious  rhesus 


monkeys  have  been  reported  by  Liu 


Munson  et  al 


Forsytli  and 


and  Binns  et  al.  In  the  present  study,  arterial  blood  values 


for  anesthetized  monkeys  showed  slight  decreases  in  pH,  Pq , as  compared 

9 20 

to  several  other  investigators.  ’ However,  the  present  data  on  arterial 


blood  pH,  P0  and  Pco<>  agree  well  with  Binns  et  al  and  our  previous 


findings  in  conscious  rhesus  monkeys 


This  evidence  supports  the 


rmmmm 
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observations  that  monkeys  used  in  this  study  were  not  deeply  anesthetized. 


There  were  few  differences  in  arterial  blood  pH,  Pj^.  HCO^,  total 
CO^,  and  base  excess  between  breathing  pure  O2  or  room  air  in 
anesthetized  monkeys.  However,  blood  increasc^  from  83-94  mm  Hg  to  367- 

411  mm  Hg  during  pure  O2  breathing.  These  appeared  to  be  the  highest 
values  for  PQ2  in  the  arterial  blood  of  lightly  anesthetized  monkeys. 

Some  unique  aspects  of  the  present  study  may  be  summarized  as  follows: 
(1)  no  significant  differences  of  measured  respiratory  values  were  found 
between  conscious  and  anesthetized  models;  (2)  many  respiratory  and 
metabolic  variables  can  be  measured  in  a single  lightly  anesthetized 
monkey;  (3)  the  measured  respiratory  values,  except  dynamic  pulmonary 
resistance  and  physiological  dead  space,  remained  relatively  constant 
throughout  a period  of  5 hours;  and  (4)  transpulmonary  pressure  was 
calculated  by  the  difference  of  intraesophageal  and 
transpneumotachographic  pressures  during  inspiration. 

In  general,  values  for  respiratory  and  metabolic  functions  agree 

well  with  other  workers.  However,  values  for 

consumption  and  tidal  volume  were  higher  in  this  study  than  those 

8 11  14  23 

obtained  by  other  investigators.  ’ * ’ These  discrepancies  may 

result  from  different  levels  of  anesthesia  applied  to  rhesus  monkeys. 


V' 
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Footnotes 

barren  E.  Collins,  Inc.,  Braintree,  Ma.  (All  original  hoses  were  replaced 
by  small  Tygon  tubing  (i.d.  = 10  mm,  o.d.  = 14.6  mm). 

k"Argyle"  Sherwood  Medical  Industries,  St.  Louis,  Mo. 

CStatham,  P23BB,  Hato  Rey,  Puerto  Rico. 

^Dynasciences  Medical  Products,  Blue  Bell,  Pa.  19422. 

CStatham,  PM15E,  Hato  Rey,  Puerto  Rico. 

^Northern  NS-575,  Northern  Scientific,  Inc.,  Middleton,  Wi. 

^Northern  NS-408F,  Northern  Scientific,  Inc.,  Middleton,  Wi. 

^Model  2050,  Harvard  Apparatus  Co.,  Millis,  Ma. 

^Corning  model  165,  Corning  Scientific  Instruments,  Medfield,  Ma. 
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TABLE  7 — Comparison  of  values  obtained  by  authors  and  other  investigators  for  selected  pulmonary 
RQ  and  CL  consumption  in  rhesus  monkeys 
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Figure  Legends 

Fig  1 — Three  major  parts  of  a head  cover  for  a chaired  conscious 
monkey. 

Fig  2 — Equipment  arrangement  for  studying  pulmonary  function  in  an 
anesthetized  monkey. 
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